Most of the pantothenate taken up by microorganisms is converted to coenzyme A (24, 25) . Pantothenate and coenzyme A deficiencies manifest themselves in a wide variety of ways, but Guirard and Snell (8) concluded that these are all compatible with the sole role of coenzyme A as the carrier and activator of acetyl and other acyl groups. As an example, Holden et al. (11, 12) observed pantothenate deficiencies to be accompanied by a decreased ability to accumulate glutamate and other amino acids. Significantly, this was not due to defective uptake mechanisms but to a leakiness in the membrane that prevented the maintenance of the amino acid pools once formed. This defect could be corrected by the addition of exogenous fatty acids (10) . Their interpretation is reasonable in view of the findings of Vagelos and co-workers (1, 6, 26) that coenzyme A is the immediate precursor of the 4'-phosphopantetheine moiety of the fatty acid synthetase acyl carrier protein.
Nutritional interdependency is well known (8) . Vitamin requirements may be met by the addition of either the vitamin itself or the various end products of the metabolic reactions for which the vitamin was needed. The replacement of biotin by exogenous aspartate and fatty acids has been well studied (3) . For brane, biosynthesis (i.e., biotin and pantothenate), apparent vitamin and amino acid nutritional requirements may be related only secondarily. Membrane defects may change permeability and pool size, as well as the functioning of membrane-bound proteins such as the permeases.
The addition of free fatty acids can eliminate 80% of the pantothenate requirement in Streptotoccus faecalis (29) and correct the glutamate pool deficiency in Lactobacillus plantarum (10) . We want to know whether these interdependent effects of pantothenate deficiency are true of other bacteria, particularly those whose membrane fatty acid and phospholipid compositions are atypical. Agrobacterium tumefaciens was the organism of choice because it is known (5, 15) to contain methylated phospholipids such as phosphatidyl choline that are not present in the vast majority of bacteria (19) . We have previously used this microorganism to study the unique membrane lipid methylations yielding phosphatidyl choline (14) and the cyclopropane fatty acids (13 MATERIALS AND METHODS Strains used. A. tumefaciens WP-3 (NRRL B-3738) is a pantothenate-requiring mutant derived from the wild-type strain W (NRRL B-36); strain WMP-1 (NRRL B-3737B) is a mutant requiring both methionine and pantothenate that is derived from the methionine-requiring strain WM-11 (NRRL B-3557), which itself had been previously (13) derived from strain W also. The pantothenate-requiring mutants were isolated by a procedure in which N-methyl-N'-nitro-N-nitrosoguanidine (300 ug/ml) was used as the mutagen, followed by enrichment in media (13) supplemented with 2 ug of calcium pantothenate/ml. Mutant growth in response to exogenous pantothenate and amino acids was determined turbidimetrically (Klett no. 66 filter), after aerobic incubation at 25 C. When strain WMP-1 is grown in basal medium (BM; 13) supplemented with methionine, pantothenate, and aspartate, 250 Klett units is found to equal 1.0 mg (dry weight) of cells per ml.
Nutritional characterization. Inocula for all subsequent experiments were grown for 24 to 48 hr on yeast extract-nutrient agar slants. A loopful of cells was suspended in saline for 0.5 hr, and 0.2 ml was inoculated into 25 ml of BM with the appropriate supplement. Growth response to added nutrients was determined from the turbidity ratio of supplemented and unsupplemented cultures after incubation times varying from 20 to 35 hr. When 0.2 ml of the WMP-1 saline suspension was plated on BM with methionine, no pantothenate-independent colonies were detected after 3 days.
Most of the following pool size and pantothenate uptake experiments were done with strain WMP-1; 500-ml cultures were grown aerobically in Fernbach flasks. After (13) either containing or not containing 4 Mg of aspartate/ ml at 25 C. The procedure of Britten and McClure (2) was modified to measure "4C-pantothenate uptake and pool formation. "4C-pantothenate (final concentration, 5 .7 x 10-7 M) was added to 20 ml of the cell suspensions, and samples were taken at intervals to determine the amount of "4C-pantothenate that was taken up into either whole cells or trichloroacetic acid-insoluble material. Membrane filters (0.45 Am pore size) were used to collect the samples, and the pool size was determined by subtracting the trichloroacetic-insoluble "4C-pantothenate from that of whole cells. Since these experiments were conducted at 25 C rather than at 0 C, we are not measuring the size of a preexisting pool by exchange, but, instead, are comparing the ability to form a pantothenate pool and the maximum such a pool can achieve at a given exogenous pantothenate concentration.
Radioactivity measurements. D-Pantothenic- Table 3 ).
In an effort to understand why strain WMP-1 required aspartate, a variety of compounds related to aspartate metabolism were tested for their ability to substitute for aspartate. These are listed in Table 1 . The relative stimulation by tricarboxylic acid cycle-related compounds was much greater for strain WMP-1 than for WM-11 or WP-3, but this was only because the unsupplemented WMP-1 control did not grow at all whereas the other two did. The addition of tricarboxylic acid cycle-related compounds served to raise the growth of WMP-1 to the approximate level of the other strains.
Because aspartate is the metabolic precursor of ,B-alanine, it is important to note that d-alanine was without effect. This reinforces our conclusion that the effects observed in Table 1 represent a general requirement for tricarboxylic acid cycle intermediates rather than for the pantothenate precursor, ,B-alanine.
Guirard and Snell (8) concluded that a typical aspartate auxotroph required only 10 Ag of aspartate/ml to achieve maximal growth. Figure 2B shows that the methionine requirement in strain WMP-1 appears normal in that less than 50 ug/ml was required for maximal growth. The aspartate requirement ( Fig. 2A) was more extensive; 100 to 150 ,g of aspartate/ ml was required, depending on the temperature chosen. We consider a dependency of this magnitude to be consistent with the need to maintain a pool of tricarboxylic acid cycle intermediates in the presence of a leaky membrane (10-12). The inhibition evident (Fig. 2B) at high concentrations of methionine may be due to false feedback inhibition by methionine on earlier metabolic reactions common to other end products derived from aspartate (28) . An identical methionine inhibition of growth was shown by the methionine-independent strain W. For reasons that are not entirely clear, this methionine inhibition was not present in the methionine-dependent strain WM-11, the intermediary derived from strain W and from which WMP-1 was isolated (13 cThe turbidity of WMP-1 cultures was measured after 30 hr of incubation, when the cells were collected by centrifugation.
when it was present in optimal amounts. This difference was observed in both the perchloric acid-soluble and -insoluble fractions.
These observations are reinforced by a similar set of experiments (Table 3) which differed from those-in Table 2 only in that nonradioactive pantothenate was added initially and the cell extracts were assayed for coenzyme A enzymatically. Here too, we see that the coenzyme A pool, and thus the amount of pantothenate accumulated, was markedly higher in strain WMP-1 when its rate of growth had been limited by deficient levels of aspartic acid or methionine. It is comforting to note that the internal control of pantothenate-limited growth does indeed give negligible coenzyme A concentrations. This interdependence of coenzyme A level with growth condition seems to apply only to WMP-1. Coenzyme A levels in both the methionine auxotroph WM-1 1 . @ 8 , 8 -, , , S , t , , , , , , f i , , , , . Z . . , , , , , , aspartate limited. We have not conducted similar experiments under a sufficient number of nutritional conditions to state whether these differences are specific for tricarboxylic acid cycle components or whether they derive from general considerations regarding differences in growth rate and stage of growth. In any case, we believe the differences are a manifestation KANESHIRO, ARTHUR, AND NICKERSON of fatty acid synthesis control mechanisms. Pantothenate uptake. The fact that aspartate concentrations can influence overall pantothenate accumulation in strain WMP-1 could mean that it was influencing the cells' ability either for uptake or for retention once taken up (10) (11) (12) . Figure 3 shows a comparison of strain WMP-1 short-term uptake ability for pantothenate in the presence and absence of exogenous aspartate. The cells had been grown on limiting aspartate previous to harvesting for the uptake experiment. In either case, '4C-pantothenate was taken up rapidly and achieved maximal concentration in the soluble pool within 7 to 8 min. Thereafter, the "IC-pantothenate pool decreased as it was incorporated in trichloroacetic acid-insoluble material. This too occurred at the same rate, regardless of aspartate concentration.
DISCUSSION
We have shown that A. tumefaciens strain WMP-1 requires both pantothenate and a tricarboxylic acid cycle-related compound for growth. The biochemical nature of this interdependency is of immediate interest. This difference between strain WMP-1 and other pantothenate auxotrophs may be caused by the genetic location of the pantothenate lesion or by the simultaneous presence of the methionine auxotrophy. A similar dependence of pantothenate function on sufficient tricarboxylic acid cycle intermediates has been found for naturally occurring strains of Erwinia (7) and Bacillus thuringiensis (K. W. Nickerson, unpublished data).
The primary metabolic role of pantothenate is to act as a precursor for coenzyme A synthesis. Since exogenous free fatty acids can replace 80% of an organism's nutritional requirement for pantothenate (29) , we thought it reasonable to examine the unique features of strain WMP-1 with a view toward possible fatty acid biosynthetic controls. That such controls exist is evident from the work of Henderson and McNeill (9) , in which Lactobacillus plantarum fatty acid biosynthesis is subject to feedback regulation by exogenous long-chain fatty acids. It is also implicit in work (16, 22) showing pronounced changes in fatty acid and phospholipid composition in response to changing growth conditions; i.e., changes in temperature, oxygen tension, stage of growth cycle, growth rate, or nutritional limitations of the carbon or nitrogen supply.
Our finding that growth on limiting aspartate forces the cells to produce four times as much coenzyme A and acyl carrier protein as normal is a further indication of fatty acid biosynthetic control. The interdependence of pantothenate and tricarboxylic acid-cycle compounds is reasonable because the rate of fatty acid synthesis is determined by the enzyme acetyl coenzyme A carboxylase which converts acetyl coenzyme A to malonyl coenzyme A (27) . This important enzyme is activated by the di-and tricarboxylic acids of the tricarboxylic acid cycle, and in their absence very little fatty acid is formed (27 acids. A somewhat different specificity of membrane methylation patterns could explain the greater susceptibility to membrane leakage in both WM-11 and WMP-11. One possible cause of this difference in methylation would involve the known ability (17) of excess methionine to repress its own synthesis by repression of 5, 10-methylenefolate-H, reductase. This enzyme converts 5, 10-methylenefolate-H4 to 5-methylfolate-H4, the immediate precursor of the methionine methyl group. The amounts of methionine added to our methionine auxotrophs should be sufficient to repress the reductase, thus totally eliminating 5-methylfolate-H4 production. If the 5-methylfolate-H4 had an independent role in lipid methylation, that role would be lost, and the methionine auxotrophs would have to rely exclusively on the S-adenosyl methionine route to achieve methylation. Postulating an alternative route for methylation does not conflict with previous work (14) proving the existence of the S-adenosyl methionine route.
We 
